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Abstract

Porous nanocrystalline ZnO photocatalysts were successfully synthesized by
microwave irradiation and then thermally treated at different temperatures (150 °C, 200
°C, 250 °C and 300 °C). The physico-chemical properties of synthesized samples were
determined by using different characterization techniques. The characterization results
indicated that the as-synthesized sample comprised of both ZnO and Zn(OH), phases
with a particle size of approximately 50 nm. Thermal treatment of the as-synthesized
sample at 150 °C resulted in a pure ZnO phase with particle size of 40 nm. The results
also demonstrated that the surface area, pore diameter and bandgap energy reaches a
maximum value for the ZnO sample treated at 200 °C. The ZnO nanoparticles pretreated
at 200 °C showed the highest photocatalytic activity (99% of degradation) in short
reaction time (90 min.), which can be attributed to the combined effects of several factors
including low crystallite size, relatively high surface area, pore diameter, pore volume
and bandgap energy. Reusability results show that the catalysts can be readily separated
from the reaction mixture by filtration after the photocatalytic reaction and reused at least

five times without any loss of activity.
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Introduction

Azo dyes are widely used in textiles, cosmetics, printing and the rubber industries.
They often produce environmental pollutants in the form of colored wastewater and these
pollutants have been recognized to be toxic, mutagenic and carcinogenic [1]. The
photocatalytic degradation of organic pollutants in water, using photocatalysts have
attracted more attention due to their superior ability in environmental detoxification [2,
3]. Among the different photocatalysts, ZnO nanoparticle has a special role due to its
highly semiconducting nature with a wide band gap of 3.37 eV [4]. Subsequently, ZnO is
used in a wide variety of applications [5-6] in addition to photocatalysis, the design and
synthesis of ZnO nanoscale structures has recently attracted a great deal of interest [7].
Many studies involving photo-degradation of organic pollutants have been investigated
using ZnO nanostructures [8]. These studies have shown that the morphology of ZnO has

a significant impact on its photocatalytic performance.

Various synthesis methods have been reported to modify the crystal size and band
gap of ZnO [9]. Nanocrystalline ZnO with various morphologies (particles, rods,
sponges, flowers etc.) have been effectively prepared by different methods such as
ultrasonic synthesis, microwave assisted synthesis, hydrothermal synthesis, sol-gel
synthesis, precipitation, thermal decomposition, electrochemical deposition and mechano
chemical methods [10]. Traditional approaches require high temperatures, which are
economically unattractive, and furthermore, many of the reported unconventional
methods require more complex devices, expensive raw materials, complex process

control, multiple-steps, long synthesis time and a careful execution. Therefore, it is
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challenging to adopt a simple and convenient method for the preparation of highly active
ZnO nanomaterial for photocatalytic applications [11].

The application of microwave heating for chemical synthesis of new materials has
grown rapidly [12]. Microwave irradiation has been accepted as a promising method to
enable rapid heating, high reaction rate and short reaction time as compared to the
conventional heating [13].

Several studies have been reported on the application of microwave irradiation for
synthesis of ZnO nanomaterials with a variety of morphologies, such as nanowires [14],
nanorods [15], nanotubes [16] nanoneedles [17] and hollow structures [18]. Thongtem et
al [19] synthesized nanocrystalline ZnO powders through microwave heating. The
authors claimed that the process eliminates the complicated synthetic procedures and
shortens the reaction time, resulting in a desirable nano crystalline ZnO without using any
template.

In this work, we report the successful synthesis of porous hexagonal ZnO
nanoparticles in an aqueous solution via microwave irradiation method. The as-
synthesized product was thermally treated at various temperatures (150 °C, 200 °C, 250
°C and 300 °C) to study the effect of pretreatment temperature on morphology and
structure of ZnO. The physico-chemical properties of the porous nano crystalline ZnO
were systematically studied by various techniques. The porous ZnO nanoparticles were
also tested for photocatalytic degradation of aqueous methyl orange. Schematic

representation of the research work is presented in the Scheme 1.
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Scheme 1: Schematic representation of the research work

2. Experimental
2.1 Materials
Zinc acetate dihydrate [Zn (CH3COO),2H,0], ammonia solution (NH4OH),

methyl orange (C;4H14N3NaO3S), hydrochloric acid (HCl) and sodium hydroxide
(NaOH) were purchased from were purchased from Aldrich, U.K. All chemicals used in
this study were analytical grade and used directly without further purification. Deionzied
water was used for the preparation of the methyl orange standard solution as well as the
respective dilutions.

2.2 Method of preparation
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Synthesis of porous nanocrystalline ZnO material was carried out using an
advanced microwave system (MicroSYNT, Milestone) that possesses the capabilities of
time, temperature and pressure controlling. The ATC-FO (Automatic Temperature
Control by Fiber Optic) system allows for direct continuous monitoring and control of the
internal temperature of a reaction vessel (+1 °C precision). A fiber-optic temperature
probe, which is housed in a thermowell and protected from chemical exposure by a
multiple layer of inert PTFE and ceramic to ensure trouble-free operation, is inserted in
the reactor to monitor the reaction temperature. Accurate temperature monitoring and
precise feedback control are achieved using the software by continuously adjusting the
applied power, resulting in reproducible temperature conditions. A primary solution was
prepared by dissolving 0.02 moles of Zn(CH3COO),-2H,0 [5 g] in 30 mL deionized
water and 10 mL of 0.02 molar solution of NH4OH was added drop wise under magnetic
stirring at room temperature. The initial pH of the solution was about 12. The solution
was vigorously stirred at room temperature resulting in a colorless precursor having final
a pH of 9. The total solution was poured into a PTFE sealed vessel and heated in a
microwave oven (2.45 GHz,) at a power of 700 W for 20 min. The resultant milky
solution was centrifuged to separate the precipitate. The precipitate was washed with
acetone and deionized water several times and dried in an oven at 60 °C for 12 h and then
the powder was calcined at different temperatures 150 °C, 200 °C, 250 °C and 300 °C
under atmospheric conditions in an oven for 3 h (1°C/min, isothermal).

2.3. Characterization
Thermogravimetric analysis (TGA) was carried out on computerized Shimadzu

Thermal Analyzer TA60 Apparatus (Japan). A ceramic sample boat was used for TG
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analysis. Sample weighing 10 + 0.1 mg was heated up to 800 °C at 10 °C min™ in a flow
of 40 ml min™' O, gas.

X-ray powder diffraction (XRD) studies were performed for all of the prepared
solid samples using a Bruker diffractometer (Bruker D8 advance target). The patterns
were run with copper Ko, and a monochromator (A = 1.5405 A) at 40 kV and 40 mA.
The crystallite size of the ZnO was calculated using Scherrer’s equation;

D = BM\py2 cosd (1)
where D is the average crystallite size of the phase under investigation, B is the Scherrer
constant (0.89), A is wavelength of the X-ray beam used (1.54056 A), By is the full
width at half maximum (FWHM) of the diffraction peak and 0 is the diffraction angle.
The identification of different crystalline phases in the samples was performed by
comparing the data with the Joint Committee for Powder Diffraction Standards (JCPDS)
files. SEM measurements were carried out using a JEOL JSM840A system. For SEM,
each powder was attached to an aluminum block using double sided carbon tape. The
samples were then coated in gold to make them conductive and compatible with the SEM
technique. A Philips CM200FEG microscope, 200 kV, equipped with a field emission
gun was used for TEM analysis. The coefficient of spherical aberration was Cs = 1.35
mm. The information limit was better than 0.18 nm. High-resolution images with a pixel
size of 0.044 nm were taken with a CCD camera. The textural properties of the prepared
samples were determined from nitrogen adsorption/desorption isotherm measurements at
-196°C using a model NOVA 3200e automated gas sorption system (Quantachrome,
U.S.A.). Prior to measurement, each sample was degassed for 6 h at 150°C. The specific

surface area, Sggr, was calculated by applying the Brunauer-Emmett-Teller (BET)
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equation. The average pore radius was estimated from the relation 2Vp/Sggr, where Vp is
the total pore volume (at P/P° = 0.975). Pore size distribution over the mesopore range
was generated by the Barrett-Joyner-Halenda (BJH) analysis of the desorption branches,
and the values for the average pore size were calculated. DRIFT spectra of calcined
catalysts were obtained at room temperature using a Perkin-Elmer Spectrum 100 FTIR
spectrometer.

UV-visible absorption data of the sample was collected using Perkin-Elmer
Lambda-900 spectrophotometer equipped with an integrating sphere in the wavelength
range 300-800 nm to measure the reflectance spectra of each sample. A small amount
(~5-10mg) of the sample in powder form is dispersed and pressed firmly between two
microscope glass plates to create a thin absorbing film. Band gap of all the ZnO samples
was determined using Kubelka-Munch method. The Kubelka-Munk transformation (K)

was estimated using the equation;

(=R

2R @

where R is the % Reflactance. The wavelengths (nm) were translated into energies (eV)*,
and a plot of (K *hv)™ vs. hv was made. The bandgap energy (eV) was estimated as the

intersection of the two slopes in the curve obtained.
2.4 Photocatalytic degradation of methyl orange

The photocatalytic degradation of methyl orange was performed in a pyrex glass
beaker using synthesized ZnO nanoparticles as photocatalyst under the UV illumination
for various time intervals. Methyl orange dye (10 ppm) solution was prepared in 100 mL

deionized water and 100 mg of catalyst added. The resulting suspension was equilibrated



New Journal of Chemistry

by stirring for 45 min to stabilize the absorption of methyl orange dye over the surface of
the catalyst, before exposing to UV light. The photocatalytic degradation of methyl
orange was examined by measuring the absorbance at regular time interval by measuring
the absorption using a UV-vis spectrophotometer at 465 nm wavelength. Analytical
samples were taken from the reaction suspension at regular time intervals and were then
analyzed for their absorption using UV-visible spectrophotometer (Thermo-Fisher-
Scientific-Evolution 160). The degradation percentage was calculated using the
expression
n = (1-C/Cp) x 100 3)

Where C, is the concentration of methyl orange before illumination and C is the

concentration after a certain irradiation time.

3. Results and discussion

The microwave assisted as-synthesized ZnO nanoparticles was analyzed by
thermogravimetric analysis (TGA) to investigate the influence of the heat treatment of the
sample (Fig. 1). The sample exhibited a marked weight loss at a temperature of 140 °C.
The major weight loss is primarily caused by the vaporization of water, leaving zinc
oxide and hydroxide behind. Furthermore, a minor weight loss was observed at 350 °C,
indicating that the complete removal of hydroxyl groups on ZnO surface. No further
weight loss and thermal effect were observed at temperatures range of 400 °C to 800 °C
indicating that pyrolysis did not occur in this temperature range, and that a higher
temperature is required to infer a sintering process.

TG experiment was performed for Zn precursor (ZnAc) and compared it with the

microwave treated (as-synthesized) sample. The TG pattern of ZnAc sample shows
8
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weight loss at two stages, first one is at 89 °C (=11.0% weight loss) due to dehydration
and second one at 254 °C (x65.0% weight loss) due to the decomposition of acetate ions.
In comparison, as-synthesized sample does not show any weight loss at 254 °C, which
correspond to decomposition of acetate ions. This observation clearly shows that
microwave treated sample does not contained zinc acetate precursor. The 25% weight
loss in as synthesized sample is not only due to physically adsorbed water, but also loss

of hydroxyl groups from the zinc hydroxide.
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Fig. 1: TG pattern of ZnAc precursor and as-synthesized ZnO nanoparticles

Fig. 2 shows the powder X-ray diffraction patterns of the as-synthesized ZnO
nanoparticles and thermally treated samples. The as-synthesized samples exhibited
diffraction peaks corresponding to both Zn (OH), and ZnO phases. It is interesting to
note that as synthesized sample does not show any diffraction peaks corresponding to

zinc acetate. Due to the molecular level heating of microwave irradiation, the zinc acetate

9
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within the solution undergoes partial hydrolysis forming acetate ions and zinc ions. ZnO
nanoparticles were formed by the following chemical reactions.
Zn (CH3COOQO), + 2(NH4)OH — Zn(OH), + 2CH3;COONH;  (4)

A
Zn (OH), — ZnO + H,01 (5)

The thermally treated samples all have comparable diffraction patterns indicating
that they consist of only the ZnO phase with particles of a hexagonal wurtzite structure

[JCPDS file No. 80-0075]. Further, the sharp diffraction peaks show that the synthesized
samples are very well crystalline.
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Fig. 2: Powder X-ray diffraction patterns of all the samples
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The remarkable crystallinity of the ZnO nanoparticles even at low treatment
temperature could be due to the fact that microwave heating enhances crystallinity of the
materials at much lower temperatures within shorter times because of uniform and
internal heating compared to conventional heating. Parida et al. [20] prepared ZnO
nanoparticles by microwave irradiation using zinc acetate and sodium carbonate as zinc
precursor and precipitating agent respectively. Based on XRD results, the authors
reported the presence of Zns(CO;3),(OH)s phase in the sample even after thermal
treatment at 300 °C. The authors concluded that as-synthesized ZnO nanoparticles
prepared using microwave irradiation needed thermal treatment of up to 400 °C to obtain
a pure ZnO phase. It was also reported that the as-synthesized sample prepared under
conventional methods required higher than 150 °C to transform into pure ZnO
nanoparticles [10]. As shown in the Fig. 2, the sample prepared using zinc acetate and
ammonium hydroxide and treated with microwave irradiation require a lower temperature
(150 °C) to be transformed into pure ZnO nanoparticles, thus demonstrating that using
zinc acetate and ammonium hydroxide in a microwave irradiated synthesis, it is possible
to generate crystalline ZnO nanoparticles at a relatively low temperature.

The particle size of ZnO samples was determined using Scherrer’s equation. The
full widths at half maxima (FWHM) of the (101) index plane of 0.256 nm was used for
crystallite size calculation. The crystallite sizes of all the samples are given in Table 1.
The crystallite size of the as-synthesized ZnO is approximately 45.4 nm, and it was noted
to decrease to 35.0 nm after pretreatment at 150 °C. Upon increasing the pre-treatment
temperature to 200 °C a further decrease of crystallite size to 26 nm was observed.

However, a further increase of temperature to 250 °C and 300 °C caused an increase of

11
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crystallite size to 37.4 nm and 42.4 nm respectively. From these observations, it appears
that there is an optimum pre-treatment temperature (between 150 and 200 °C) to obtain
fine nanoparticles (around 26 nm) of ZnO nanoparticles. In order to study the surface
morphology of the ZnO nanoparticles, SEM was used. SEM images of the as-synthesized
and thermally treated samples are shown in Fig. 3. The as-synthesized ZnO nanoparticles
showed large flake type morphology due to the presence of Zn (OH), that was formed
because of the partial hydrolysis of zinc acetate precursor according to equation (1); at

this stage crystallization of ZnO nanoparticles was not complete.

12
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Fig. 3: SEM images of (a) as-synthesized (b) 150 °C (c) 200 °C (d) 250 °C (e) 300
°C samples

It appears that microwave method has a problem with the higher concentrations
since heat conductivity is not homogeneous and this can be observed in SEM images of
the samples showing many different sizes and morphology. After the thermal treatment at
150 °C, the morphology of the ZnO nanoparticles was transformed into sponge type
material composed of small spherical particles. The ZnO sample exhibited a good
distribution of nanoparticles after being pretreated at 200 °C. The ZnO nanoparticles were
agglomerated upon increasing the temperature to 250 °C and 300 °C. Appearance of
needle type and hexagonal cylindrical shaped ZnO nanoparticles can be clearly observed
in the samples treated at 250 °C and 300 °C.

Fig. 4 shows the TEM images of the as-synthesized and thermally treated
samples. The TEM image of the as-synthesized sample shows tightly packed irregular
agglomerated particles, however the sample treated at 150 °C shows ZnO nanoparticles
consisting of many spherical shaped crystalline particles. Particles with a hexagonal and
near spherical shape can be seen in the TEM images of the ZnO samples treated at 200 °C
and 250 °C. The ZnO nanoparticles treated at 200 °C is uniform with compact
interconnected particles. The translucent region in the TEM images represents the straight
channels and the gray region represents the curved channels. ZnO treated at 200 °C has
much more translucent region than other samples which suggests that this sample has

many straight channels.

13
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(d)

Fig. 4: TEM images of (a) as-synthesized (b) 150 °C (c) 200 °C (d) 250 °C (e) 300 °C

samples

TEM images of the rest of the ZnO samples shows many shadow regions
indicating that the nanoparticles have agglomerated in these samples particularly the ZnO
nanoparticles treated at 300 °C. Overall, the thermal treatment results in the particle shape
being modified and also the size of the particles increases from 50 to 150 nm, with

increasing temperature. This increase in particle size at higher temperatures is likely to be
14
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caused by agglomeration of the particles to produce larger particles in size. Although the
particles increased in size, the dispersion of smaller particles can still be observed at 200
°C and 250 °C (Fig. 4). Also the pretreated samples appear to have more inter-particle
spaces than as-synthesized ZnO nanoparticle indicating that the sample became less

dense with an increase of pre-treatment temperature.
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Fig. 5: UV-vis absorption spectra of all the samples

Fig. 5 shows the room temperature UV-vis absorption spectra of the as-
synthesized and thermally treated samples. The as-synthesized ZnO nanoparticles show a
single broad band at 370 nm. This prominent exciton band at 370 nm corresponds to the
ZnO nanostructures, however there are two absorption bands in the spectra for all the
thermally treated samples: a strong and narrow near UV absorption at 360 nm and a
broad but weak spectral band ranging from 450 nm to 600 nm. The absorption maxima
values were varied between 360 and 370 nm. The prominent absorption peak is red
shifted as compared to the bulk exciton absorption of ZnO (370 nm) [S. B. Zhang, S. H.
Wei, A. Zunger, Phys. Rev. B. 63(2001) 075 205] which could be due to the size effect of

the nanostructures. The absorption peak at 360 nm also indicates good crystallinity of the
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ZnO nanostructures, with minimal impurity [21]. It is clear from the Fig. 5 that the
absorption of the ZnO nanoparticles treated at different temperatures is stronger than that
of the as-synthesized ZnO sample. The absorption in the visible range of wavelength
implies that there exist more defect energy levels in the synthesized ZnO nanostructures
that are due to the specific experimental synthesis conditions.

The surface composition and chemical state of the ZnO nanoparticles have been
investigated by XPS analysis. The deconvoluted Zn 2p;/,, spectra of all the samples are
presented in Fig. 6 (A). It was reported that ZnO nanoparticles shows a sharp and
symmetric XPS peak maximum at 1021.7 eV [23], however three different deconvoluted
Zn 2p;/; peaks were observed in all the ZnO nanoparticles; a major peak at 1022.2 eV and
two small peaks at 1020.2 eV and 1023.7 eV. The peak at 1022.2 eV can be ascribed to
zinc atoms in ZnO lattice [24] and the small peaks at 1023.7 eV and 1020.2 eV can be

assigned to Zn (OH), species and Zn adsorbed to H,O molecules respectively [25].
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Fig. 6: XPS deconvolution spectra of the ZnO samples (A) Zn 2p;,, and (B) Ols

The binding energies of the peaks are almost the same with increase of treatment
temperature. The deconvolution of the OlIs photoelectron spectra of the ZnO
nanoparticles [Fig. 6 (B)] showed that the Ols peaks are wide and asymmetric and
different oxygen states are to be distinguished. They are deconvoluted by Lorentzian-
Gaussian curve fitting to three components. Ayochi et al reported ZnO films exhibited
three O 1s peaks [26]. The O; species at the low binding energy of 531.1 eV belong to O*
ions in the ZnO structure [27]. The Oj species at 532.5 eV are attributed to O and O*
ions in the oxygen deficient regions mainly caused by oxygen vacancies [28]. The Ojj;
species at 534.2 eV belong to the absorbed or dissociated oxygen or OH species on the
surface of ZnO nanoparticles [29]. As shown in Table S1, the percentage of O;; species in
ZnO nanoparticles treated at 200 °C is 10.6%, which is higher than any other samples of
our study. Therefore, the ZnO nanoparticles treated at 200 °C has more oxygen vacancies,
which are associated with active sites for photocatalytic activity.

The bandgap energy (eV) was estimated for all the samples and the as-synthesized
sample possessed badgap energy of 2.93 eV. The bandgap energy was increased to 3.08
eV after the ZnO nanoparticles was treated at 150 °C. Upon increasing the treatment
temperature to 200 °C the bandgap energy was further increased to 3.24 eV. Increasing
the treatment temperature further (250 °C and 300 °C) resulted in no further increase of
the badgap rather a decrease to 3.15 eV was estimated. The indirect bandgap energy
decreased with the increase of treatment temperature beyond 200 °C due to the decrease

of gap between conduction band edge and valance band edge of the ZnO nanoparticles.

17
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These results indicate that the sample treated at 200 °C has the highest bandgap energy

among all the samples.

Intensity, a.u.

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm’”

Fig. 7: FTIR spectra ZnAc precursor and of all ZnO samples

The functional or composition quality of the prepared ZnO nanoparticles was
determined by the FTIR spectroscopy. Fig. 7 shows the FTIR spectra of the ZnAc
precursor, as-synthesized and thermally treated ZnO nanoparticles. ZnAc precursor
shows a broad band centered 3105 cm™ due to OH stretching vibration. For the as-
synthesized sample, a broad band centered at 3375 cm™” was observed which also

corresponds to the -OH stretching mode. It is known that OH-stretching band envelope

18
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generally appears between 3600 and 3100 cm™ [30]. The presence of two carbonyl
absorptions due to asymmetric and symmetric stretching modes near 1555 cm™and 1390
cm™ can be seen in both ZnAc precursor and as synthesized sample. The former band is
more intense than the latter one. The O-H bending vibration at 1600 cm™ which is a
characteristic peak of bonding water was not clearly observed in synthesized ZnO
sample, this is probably due to presence of strong intense band at 1555 cm™ due to
carbonyl absorption. After the microwave and thermal treatment, a new band appeared at
435 cm™, which can be assigned to Zn-O stretching vibration mode [31]. In the spectra of
ZnO samples treated at different temperatures, the bands due to the -OH deformation
mode and stretching mode from water on the surface are still present, but the intensity of
bands decreased with the treatment temperature. However, the intensity of band due to
Zn-O stretching mode at 435 cm™ appeared to be constant.

The nitrogen adsorption-desorption isotherms for as-synthesized ZnO and ZnO
nanoparticles treated at different temperatures are shown in Figure 8. All the isotherms
can be ascribed as Type IV according to IUPAC classification and their hysteresis loop
could be interpreted as Type H3 representing aggregates of particles forming slit-shaped
pores [32]. The results from the Figure 8 also indicate that the amount of N, adsorbed
increases gradually with the relative pressure, which also mean that the adsorption on
these samples proceeds via a multilayer formation. However, at higher pressures the
amount adsorbed rises steeply due to the capillary condensation in to the pores.

The N, volume absorbed for as-synthesized and ZnO nanoparticles treated 150 °C
samples is almost similar (30 cc g'). The increasing trend for N, volume absorbed for

the thermally treated samples can be clearly observed from Fig. 8 (A). It was observed
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that maximum volume absorbed is for the sample pretreated at 200 °C with a value of
65 cc g It is also interesting to note that the pore volume of the samples (Table S2) also
increased when the treatment temperature was raised to 200 °C. The pore volume of the
ZnO sample treated at 200 °C is twice (0.096 cm’g™) the as-synthesized sample (0.046

cm3g'1).
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Increasing the temperature further resulted in a slight decrease of pore volume.
The changes in the textural properties of thermally treated samples can be attributed to
ZnO nanoparticles surface modifications and subsequent morphology changes during the
thermal treatment [33]. Fig. 8 (B) shows the Barret-Joyner-Halenda (BJH) pore size
distribution for as-synthesized ZnO nanoparticles and samples pretreated at different

temperatures. As clearly seen from Figure 8, the pore size distribution peak is located
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mainly between 15-100 nm, indicating that the samples possessed a mesoporous
structure, which is in good agreement with the results of Type IV adsorption-desorption
isotherms. Pore size distribution of as-synthesized ZnO nanoparticles synthesized
showing pores of bimodal distribution of around 24 nm and 45 nm (diameter).
Disappearance of the small size pores started upon thermal treatment of the ZnO
nanoparticles at 150 °C. Increase of treatment temperature to 200 °C resulted complete
disappearance of pores at 24 nm and broad pore size distribution peak appeared at 35 nm.
The samples treated at 250 °C and 300 °C also showed a similar behavior as the sample
treated at 200 °C and these two samples possessed pores of size 30 nm and 38 nm
respectively. It is known that ZnO nanoparticles is generally possesses non-porous
structure [34]; the pores observed were due to inter- and intra-particle agglomeration.

The photocatalytic activity of all the samples was determined by monitoring the
degradation of the organic dye, methyl orange. A blank experiment was carried out to
confirm that the photo-degradation reaction did not proceed without the presence of
either catalyst or the UV radiation. This was in agreement with literature report [35]. The
as-synthesized ZnO nanoparticles did not show any photocatalytic activity. FTIR analysis
clearly demonstrated the presence of zinc acetate in this catalyst; it is possible that zinc
acetate might be blocking the active sites on the surface of catalyst, thus interfering in the
photocatalytic activity of the catalysts. Fig. 9 shows the change in the UV-vis absorbance
spectra of methyl orange solution (100 ppm) with different irradiation intervals over the
ZnO nanoparticles treated at different temperatures. The decrease in the absorbance of

the solution was due to the destruction of the homo and hetero-polyaromatic rings present
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in the dye molecules. ZnO nanoparticles treated at 200 °C was found to be the most

effective catalyst in comparison with the samples treated at other temperatures (Fig. 9).
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Fig. 9: Adsorption changes of methyl orange aqueous solution at 25 °C in the presence of
the thermally treated ZnO nanoparticles.

Complete degradation of adsorbed dye molecules was observed within 90 minutes

for the ZnO at 200 °C whereas, 240 min, 150 min and 210 min were required for the

complete the degradation of adsorbed methyl orange molecules for the ZnO nanoparticles

treated at 150 °C, 250 °C and 300 °C under the similar conditions.
22
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The degradation percentage of ZnO nanoparticles was calculated using equation.
(4). Figure 10 showed percentage changes of methyl orange aqueous solution at room
temperature in the presence of the thermally treated ZnO nanoparticles. The ZnO
photocatalyst, treated at 150 °C showed 62% degradation of methyl orange in 90 minutes
reaction, while after treatment at 200°C, the ZnO nanoparticles showed better
photocatalytic activity with 99% degradation in same reaction time. However, at 250 °C

and 300°C treatment temperature, the degradation decreases to 88% and 72%

respectively.
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Fig. 10: Percentage changes of methyl orange aqueous solution at 25°C in the presence of
the thermally treated ZnO nanoparticles.

The role of pH in the photocatalytic degradation of methyl orange was studied in
the pH range limited to pH2 - pH13 with optimized experimental conditions (100 ppm of
methyl orange solution and 50 mg/100 mL of ZnO loading) by considering the solubility
of ZnO nanoparticles in acidic as well as in highly basic solutions. The pH of the

suspension is adjusted initially and it is not controlled during the course of the reaction.
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Fig. 11: Effect pH on rate constant for photocatalytic degradation of methyl orange

The rate constant for photocatalytic degradation reaction over ZnO nanoparticles
treated at 200 °C, 250 °C and 300 °C was obtained from the slope of a straight line when
plotted In (C,/C;) vs t. The results were presented in Fig.11. In acidic medium, less
photocatalytic degradation of methyl orange was observed. The extent of the
photocatalytic degradation of methyl orange was found to increase upon increasing the
initial pH of the methyl orange solution, exhibiting maximum photocatalytic degradation
at pH 7.0 then decreasing at pH 8.0 and continually decreased with increasing of pH.
Below pH 7.0, active sites on the positively charged catalyst surface are preferentially
covered by methyl orange molecules. Thus, surface concentration of the methyl orange is
relatively high, while those of OH and OH are low, and in turn the photocatalytic
degradation decreases. On the other hand, above pH 7.0, the catalyst surface is negatively
charged by means of metal-bound OH™ and consequently the surface concentration of the
methyl orange is low whilst the hydroxyl radical concentration is high. In addition,

methyl orange is not protonated above pH 7.0, and the electrostatic repulsion between the
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surface charges on the adsorbent and the adsorbate hinders the amount of methyl orange
adsorption. Consequently, the surface concentration of the methyl orange decreases,
results in the decrease of photocatalytic degradation at pH 8.0. It appears that, pH 7.0 can
provide moderate surface concentration of methyl orange and OH’, which react with the
holes to form 'OH, and thereby enhancing the photocatalytic degradation of methyl
orange. Yang et al. [36] also observed that dumbbell shaped ZnO nanoparticles offered
highest activity for photocatalytic degradation of methyl orange around pH 7.0.

Kaur et al. [37] also studied the role of pH on photocatalytic degradation of
methyl orange. The authors carried out the experiment in the pH range of 5-11 at 0.03
mM methyl orange concentration and 1 gL' catalyst loading for 40 min. They observed
that the degradation rate increases with increase in pH, exhibiting maximum at pH 9.

The ZnO nanoparticles with smaller crystal size, higher oxygen vacancies and
larger specific surface area showed maximum performance. The higher surface area
supplies more active sites to adsorb methyl orange, and then facilitates the diffusion and
mass transportation of methyl orange molecules and hydroxyl radicals during the
photochemical reaction. Moreover, the structures of nanoscale favor the movement or
transfer of electrons and holes generated inside the crystal to the surface [38], which also
enhances the photocatalytic activity. The photocatalytic activity of ZnO nanoparticles
appears to be strongly dependent on the surface orientation of the nanocrystals which
could result in orientation-dependent charge-transfer processes [39]. Thus, as for the
hexagonal ZnO nanoparticles, their regular surface orientation with larger emergences of
{1 010} and {0 0 O 1} surfaces would be favorable to the separation of the photo-

induced electrons and holes, leading to relatively higher photocatalytic efficiencies.
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However, in comparison ZnO nanoparticles pretreated at 200 °C have a smaller size,
higher oxygen vacancies and a larger specific surface area, which result in a higher
photocatalytic performance.

Although, ZnO nanoparticles s have been previously been investigated in the
photocatalytic degradation of methyl orange, the time period required for the degradation
of methyl orange is tends to be 2 hours or greater. Wang et al. prepared ZnO
nanoparticles with different size [40] using thermal evaporation and chemical deposition
methods. It was observed that 50 nm ZnO nanoparticles degraded 80% methyl orange in
2h. Zhu et al. [41] prepared ZnO nano rod assemblies using microwave assisted
hydrothermal method in presence of poly ethylene glycol. The authors synthesized the
sample at 180 °C and observed that the sample required 11h for complete photocatalytic
degradation of methyl orange; the slower rate of reaction reported here is likely due to the
size of the nano rods (300 nm diameter and 1um length). Saravana et al. [42] synthesized
nanosized ZnO by precipitation method using zinc acetate and sodium hydroxide. The
obtained ZnO nanoparticles offered 61% photocatalytic degradation of methyl orange in
2h. Kumar et al. [43] reported synthesis of ZnO nano-mushrooms by the solution
combustion method and their use for photocatalytic degradation of methyl orange. The
authors observed 92% photocatalytic degradation of methyl orange in 210 minutes under
optimum conditions. Here, the synthesized ZnO nanoparticles thermally treated at 200
°C offered 99% of efficiency in 90 min of reaction time. The observed photocatalytic
degradation activity is substantially higher than the activity reported for ZnO
nanoparticles in the literature. This is likely to be due to the fact that this sample

possessed highly dispersed ZnO nanoparticles of size of about 26 nm.
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The surface area of a particle depends mainly on the size of the particle [30], a
decrease in the crystallite size tends to increase the surface area. This trend is evident in
this work, as shown by the BET surface area results (Table 1). The sample thermally
treated at 200 °C also possessed relatively high pore volume; pore size and bandgap
energy. It is known that the photocatalytic redox reaction mainly takes place on the
surface of the photocatalysts and so the surface properties significantly influence the

efficiency of catalyst [44].
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Fig. 12: The reusability of ZnO catalyst treated at 200 °C
We also tested the reusability of ZnO nanoparticles treated at 200 °C for
subsequent cycles of methyl orange degradation at pH 7. Many of the reported
photocatalysts have not been used for the further degradation studies due to the fact they
undergo photocorrosion, by the direct illumination with light, and hence their
photostability is diminished for further runs. For the reusability study, we collected the
white colored catalyst remained after the reaction, washed, dried, and treated at 100 °C

for half hour and used it for further reactions (0.05 g). Fig. 12 reports the reusability of
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Zn0O nanoparticles. The catalyst was found to be active for five cycles without any major
deactivation, and more than 95% degradation was achieved in all experiments within 90
min using 50 mg ZnO. The reusability of ZnO nanoparticles was ascribed to the low

photocorrosive effect and high catalytic stability of the ZnO nanoparticles [45].

Conclusions

Porous nanocrystalline ZnO photocatalyst was successfully synthesized by
microwave irradiation method. It is clear that thermal treatment at high temperatures
(usually more than 400 °C) is not required to obtain a highly active ZnO photocatalyst.
The high photocatalytic degradation of methyl orange by the thermally treated ZnO
nanoparticles at 200 °C is due to the combined effects of several factors such as small
crystallite size, relatively high surface area, pore diameter, pore volume and bandgap
energy compared to the same sample treated at 150 °C, 250 °C and 300 °C. The results
confirm that the photocatalytic activity there is a positive correlation with the textural
properties of the ZnO nanoparticles, in addition to the purity of the ZnO phase. Superior
porosity of ZnO nanoparticles treated 200 °C could have facilitated the diffusion and
mass transportation of methyl orange molecules and hydroxyl radicals during the
photochemical reaction. ZnO photocatalyst treated at 200 °C can be reused for five cycles

without any loss of activity.
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% Degradiation

time, min

ZnO treated at 200 °C offered high photocatalytic degradation of methyl orange (99%) in short time (90 min).

e The activity can be attributed to several factors including low crystallite size, high band gap energy and porosity.



